as a conceivable etiologic factor in hepatic necrosis. This was low food intake with, at the same time, a sufficient supply of several, although not all, of the essential members of the vitamin B complex. Low food intake involved low protein (casein) supply, as a consequence.
That low intake of protein might injure the liver appeared to be a well warranted premise. The protective effect of protein on the liver was first demonstrated in toxicologic studies with neoarsphenamlne (2) and chloroform (3). 1 Furthermore, a diet low in protein promotes extensive fat infiltration of the liver which may be prevented by the addition of casein. As has been shown by Best and his associates, and later by many others (7), choline and, to a lesser extent, betaine exhibit similar "lipotropic" activity. The lipotropic activity of casein is generally believed to be in direct proportion to its content of methionine and to the presence of choline in the diet, but is adversely influenced by cystine either in the form of the free amino acid or of a protein high in cystine and relatively low in methionine, such as peanut protein. Supplements 6f fat, especially cholesterol, counteract to a certain degree the lipotropic factors, choline and methionine.
With the use of diet rations in which the level of protein was kept at 10 per cent or below, hepatic injury became a regular occurrence produced at will in the course of a prolonged experimental period up to 150 days in rats with an initial weight of about 120 to 150 gm. (or more). It is of interest that this conclusion was reached and published almost simultaneously by four groups of investigators (8)3
In these experiments liver injury manifested itself either in the form of acute diffuse necrosis, or of slowly developing diffuse fibrosis, reminiscent, in the gross, of Laennec's hepatic cirrhosis. In some rare instances zonal or massive acute necrosis and cirrhosis were encountered in the same animal.
It is not surprising that necrosis (zonal or massive) and cirrhosis produced by dietary means were first considered (8 b, 10) in the same relation to each other as the corresponding pathological changes in the liver occurring under the influence of noxious agents, such as chloroform, carbon tetrachloride, etc. It has been assumed that necrosis is only the acute manifestation of a quantitatively more severe insult, than that causing cirrhosis which follows chronic and moderate dietary injury. A closer analysis of the etiologic dietary factors found in acute necrosis and in cirrhosis furnished results which seemed to be, at least to some extent, at variance with the unitarian theory of their etiology. It was observed (8 b, 11, 12 ) that supplements of choline or liver extract to the experimental diet would prevent cirrhosis but were without influence on, x More recently these observations have been extended to other halogenated hydrocarbons (4), trinitrotoinene (5)1 pyridine (6), etc.
Massive fat infiltration of the liver has been considered a possible precursor of hepatic cirrhosis, and unrelated to the absence of lipotropie factors in the diet (9). or would even promote, acute diffuse necrosis. Conversely, cystine given as supplement to the experimental diet exerted a remarkable protective effect on the development of necrosis but seemed to enhance the production of hepatic fibrosis (8 b, 1!, 13) . Methionine, on the other hand, prevented b o t h acute diffuse necrosis and cirrhosis.
Since our first publication (8 b), we have amassed a large number of observations on experimental dietary hepatic injury. Based on this experimental material, we are now in a position to correct several statements and interpretations given in our first analysis of experimental d a t a (8 b), and also to assist in outlining the etiologic conditions governing the development of acute necrosis and diffuse fibrosis of the liver. A review of histological findings in our old, and also more recent, hitherto unpublished, material will also be included, with special reference to the topography of hepatic fibrosis, to focal necrosis accompanying cirrhosis, and to renal changes. Finally, the effect of various fat supplements as well as of tocopherol on the production of hepatic necrosis and cirrhosis will be discussed.
Experimental Method
The investigations reported here have been carried out during the last 9 years on 1922 rats, which include most of the 279 animals used in our first publication (8 b) . In addition to these experiments dealing with the dietary conditions of the production and prevention of experimental hepatic injury, further special studies were conducted for the purpose of determining the influence of hormonal factors on the production of dietary hepatic injury as well as of examining the possibilities of arrest and regression of dietary hepatic fibrosis. These special investigations are not considered in this report but were (14) and will be discussed in separate communications.
Rats with an initial weight of 120 to 150 gin. or more, in groups of 10 or more, were fed various rations, the composition of which is summarized in Table I . In diet 5, prepared according to the in~tmctions of Schwar~ (15) a specially treated casein was used. One kg. of casein (General Biochemicals, Inc., Chagrin Falls, Ohio) was suspended in 14 liters of H20, and the pH adjusted to 7.0 with 1 N KOH. The mixture was refluxed at boiling for 3 hours, and 2 ml. octyl alcohol added to prevent foaming. Afterwards the pH of the mixture was brought down to 4.3 with 2 N acetic acid and filtered. Eight liters of alcohol was added to the finely dispersed precipitate. After standing 6 to 8 hours the suspension was filtered and the casein dried in thin layers at room temperature. In addition to this casein, diet 5 contained a special, hydro~nated vegetable shortening, vream (Swift and Company) as source of fat, in substitution for crisco.
In all but a few groups the diets were supplemented daily with 20 micrograms of thiamine, 25 micrograms of riboflavin, 20 micrograms of pyridoxine, and 100 micrograms of calcium pantothenate, dissolved together in I ml. of water. The fat-soluble vitamins A and D were given either in form of cod liver oil incorporated in the diet, or in form of percomorph oil (3 drops once a week), or as carotene (3 drops twice a week of SMA carotene in oil, containing 7500 u.s.P, units per 1 gin.) and drisdol (1 drop once a week). In a few groups that served as controis to experiments pertaining to the production of hepatoma under the influence of N1-Ndimethylaminoazobenzene (so called butter yellow) the ration was supplemented with a slice of fresh carrot (1 gin. daily). In the first experiments (8 a, b) rats received no special supplements of tocopherol. Later, tocopherolwas given in dosesof3 rag., and during the last 2 years Dawley strain. Measurement of food intake was introduced and was then carried out generally for 4 to 5 rats in a group of i0 to 12, sometimes for all animals of the group. Then averages were calculated for the total experimental period or for parts of it.
I t was recognized early that comparison between experiments was not without its dangers, when such experiments were not carried out simultaneously. At various times, incidence and severity of hepatic injury, food intake, weight changes, and survival time may vary without any detectable change in the experimental conditions. These observations necessitated the liberal use of controls in experiments in which the effect of a particular supplement or of a dietary constituent on the production of dietary hepatic injury was being investigated.
In genera], the experimental period lasted 150 days, and, only rarely, 120 days. At the end of the experiment, the animals were killed and, together with rats that had died before the termination of the experiments, were submitted to pathological examination.
EXPERIMENTAL OBSERVATION
Diffuse Hepali¢ Nccro~i~.--In our own experimental material, acute necrosis, when produced by purely dietary means, presented itself mainly in the form of acute zonal (central and midzonal) necrosis appearing in many lobules and frequently in all lobes. In some cases it was z Kindly furnished by Distillation Products, Inc., Rochester, New York. truly massive and complete, involving the total hepatic parenchyma of many lobules or even of an entire lobe. In many instancesall lobuies of one or more lobes showed zonal (central and mldzonal) necrosis. This will be referred to as acute diffuse necrosis to differentiate it from massive necrosis which implies complete necrosis of many lobules. The gross and micro- scoplc features of acute zonal necrosis of the liver have been described in detail and illustrated in previous papers (1, 10) . Condensation fibrosis (1) or its equivalent, postnecrotic scarring (12), represents the healing stage of massive necrosis. It was only rarely encountered in our own experimental material, and then recognized both in the gross and microscopically by the patchy appearance of the fibrotic changes, involving often only one lobe or even only part of one lobe, with other lobes remaining intact or almost free from any pathological alteration.
In our studies we noticed distinct variations in the occurrence of diffusely distributed (zonal) hepatic necrosis in rats kept on different rations. These variations could not be completely correlated with the absolute or relative content of cystine or methionine in the diets used. Furthermore, we were unable to produce necrosis at will, and in this respect we have not made any substantial progress beyond our first observations (1) . In rats kept on a partly synthetic diet low in casein, and with lard as source of fat, acute zonal or massive necrosis, or its sequela, postnecrotic scarring, was encountered in only about 50 per cent of the experimental animals (Table II , Experiments A, D, and H), with practically all the rest showing at the end of the experimental period signsof more or less marked diffuse hepatic fibrosis (Table VI) usually negligible, proportion of the animals remained free from hepatic injury in any of its manifestations. Rats fed the same basal ration responded to supplements of cystine, or methionine, and also of yeast, with a statistically significant reduction in the incidence of diffuse necrosis, whereas supplements of choline or liver extract appeared rather to promote hepatic necrosis. The highest incidence of necrosis was observed in rats fed one of the lard rations (L IH), modified by the addition of N1-N-dimethylaminoazobenzene up to 0.06 per cent of the mixture (Table I, diet By 6). Under the influence of this diet, which combines dietary inadequacy and the exogenous toxic effect of the carcinogenic dye, necrosis was found in 58 (69 per cent) of the 84 animals fed the experimental ration with or without the further supplement of choline (Table III , Experiments A and B). The addition of cystine deprived diet By 6 of its necrosisproducing capacity (Table III , Experiment C) in the same manner as was observed when the usual lard rations, not containing butter-yellow, were supplemented with cystine. Here again prevention of diffuse necrosis by cystine is an established experimental fact.
The first doubt concerning the determining r61e of deficiency of cystine and its precursor, methionine, in the pathogenesis of diffuse necrosis was aroused by the almost complete disap-pearance of hepatic necrosis when crisco was substituted for lard in the basal diet (Table IV) This was especially surprising because, simultaneously with the change in the type of fat, the content of casein in the diet, and therefore also of cystine and methionine, was reduced from (Table I , L II), to 8 per cent in the crisco diet (Table I . C I). The virtual absence of acute diffuse necrosis was also noticed in rats kept on various modifications of the original crisco diet (C I), with sucrose (Table IV, diet C III and C IV) or rice (polished or unpolished, Table III , diet rice and Br) as the main source of carbohydrate.
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Thus a new etiologic factor, different from cystine and methionine, had to be taken into consideration, in order to explain the pronounced beneficial effect of crisco on the incidence of acute diffuse necrosis. Crisco is a hydrogenated vegetable fat with a high content of tocopherol, whereas lard is characterized by a high percentage of unsaturated fatty'acids and a very low, although at times measurable, content of tocopherol.
The first attempt to equalize the chemical differences between erisco and lard consisted in the addition of tocopherol (3 to 5 rag. once a week) to the lard rations. Such a supplement of tocopherol to the ration By 6 suppressed almost completely the development of acute diffuse hepatic necrosis (Table III , Experiment D). The difference in the effect produced by ration By 6 without or with tocopherol is especially impressive, the incidence of acute diffuse necrosis dropping from 69 per cent to about 5 per cent in the respective groups. Among 64 rats fed a regular lard diet (without butter yellow) and supplemented with tocopherol, hepatic necrosis was observed in only one animal (Table II , Experiment G). On the other hand, on the same diet (L V) the incidence of necrosis remained fairly low (3 out of 18 experimental animals) even in the absence of tocopherol. In comparing ration L V with L II or L VI it appeared plausible to relate the more necrotizing effect of L II and L VI to their content of cod fver oil, which is missing in L V. It is known (16) that cod fiver oil, with its highly unsaturated fatty acids, represents a distinct strain on the metabolism of tocopherol. Thus, a diet containing cod liver oil, and unsupplemented with tocopherol, should lead to an early depletion of the tocopherol reserves of the body. The low incidence of acute diffuse hepatic necrosis in rats receiving a diet with a source of fat (Table I, Bu) low in unsaturated fatty acids, such as butter, even when unsupplemented with tocopherol, is in good accord with this point of view (Table IV , Experiment B).
The sulfur-containing amino acids, cystine and methionine, on the one hand, and the quality of the dietary fat constituent (its content of tocopherol and of unsaturated fatty acids) on the other hand, emerged as conclitioning etiologic factors in the production of acute zonal or massive hepatic necrosis (17) . 4 It has been stated (12 d) that the irregular occurrence of necrosis in rats fed a diet low in casein was caused by the quality of the casein which, even when given in small amount, supplied methionine (and cystine) not too far below the prophylactically effective level. By substitution of yeast for casein the intake of sulfur-containing amino acids may be further lowered (12, 18) . In rats fed rations with yeast as the sole source of protein the incidence of massive necrosis was reported (12, 19, 20) to have increased considerably and to have reached 80 per cent or more in various experimental groups. According to these observations the development of hepatic necrosis was completely suppressed by prophylactic supplements of cystine (12, 19, 20) or methionine (20).
In our own experience, by use of various rations, with yeast as the sole source of protein, hepatic necrosis has been observed only very rarely and in several experiments not at all when rats received tocopherol as a special supplement to the yeast ration (Table V) . In the absence of tocopfierol, necrosis appeared in 6 out of 12 animals fed a yeast ration with the very high fat (lard) content of 50 per cent of the total food mixture (Table V, Experiment B). This statistically significant increase in incidence of necrosis is still far below that observed by other workers (12, 19, 20) . This difference may be explained by the relatively high tocopherol content of the lard or by the composition of the yeast used by us, and is now being investigated. Cystine in our experience (Table V, Experiment B) has proved to be less effective in suppressing the production of necrosis than tocopheroh Three out of 11 rats receiving supplements of cystine to the basal yeast-diet still developed massive necrosis.
Our observations accumulated since 1942 on tocopherol as a protective dietary factor in the etiology of acute zonal or massive necrosis, appear to be related to those of Schwarz (15) from Kuhn's laboratory in Heidelberg, as reported in a paper published in 1944, which came to our attention only at the end of 1946. Schwarz observed severe, usually fatal, hepatic injury in rats kept on a ration such as diet S (Table I) containing specially prepared casein. From the description given, it is probable that the hepatic injury observed by Schwarz belongs in the group of acute necrosis. Schwarz asserted that tocopberol protected rats from this hepatic injury, whereas cystine was ineffective. In this latter respect the observations of Schwarz are at variance with the well documented beneficial effect of cystine or methionine demonstrable in d e usual form of acute dietary necrosis (8, 12, 19, 20) • We have tried to duplicate the observations of Schwarz. A group of 20 rats (with an initial weight of 30 to 40 gin. as recommended by Schwarz) was put on diet S and kept on this ration for up to 120 to 150 days. At the end of the experimental period the rats were killed and were found to be free from any hepatic change. This discrepancy between our findings and those reported by Schwarz was probably due to differences in the casein used or in its preparation.
Diffuse Hepalic Fibrosi~.--In contrast to acute hepatic necrosis (zonal or massive), dietary cirrhosis may be produced with great regularity in rats by use of a proper diet low in lipotropic factors. Supplements of tocopherol and/or cystine prevent the complicating appearance of acute zonal or massive necrosis. Thus, fibrosis appearing in rats kept on rations containing tocopherol or cystine must certainly be regarded as distinct from postnecrotic Scarring as a sequela of massive or zonal necrosis. Such diffuse fibrosis was observed in our first series of experiments (8 a, b) and since then this observation has been greatly extended.
Our first presentation (8 b) was not free from possible misinterpretation of the description of the microscopic changes. In the light of Ashburn's findings (21) , further study and careful PRODUCTION AND PREVENTION O1 ~ DIETARY HEPATIC INJURY microscopic examination of the sections of livers in various progressive stages of cirrhosis revealed the interesting finding that in experimental dietary cirrhosis of the liver, in rats, the fibrotic changes do not originate from portal spaces and are not limited to the portal regions but have their origin in the region of the centP~l vein, although the fibrosis is not as distinctly pericentrai as in so called cardiac cirrhosis, and, in most livers, especially in the more advanced stages of cirrhosis, is not exclusively non-portal. It is perhaps correct to say that, in the early stage, the site of the radiating fibrous bands in experimental dietary cirrhosis is non-portal and that, in the more advanced stages of the cirrhotic process, the fibrous bands radiate from the region of the central veins to join with bands of portal fibrosis. In the advanced stage of cirrhosis, the destruction of normal architecture of the lobules is so great, and t~e fusion of portal and non-portal fibrous bands so intimate, that it is usually impossible to retrace the pathogenesis of the wide and diffusely distributed bands of fibrous connective tissue. Only in the less advanced stages, especially when tinctorial and injection methods are used, is it possible to state with any degree of certainty that the fibrosis is strictly non-portal in origin. In this regard the results of our study are in full accord with the observations made and conclusions reached recently by Ashburn and his associates (21) , by use of special methods for the demonstration of the site of deposition of the fibrous connective tissue in various stages of experimental dietary cirrhosis.
The statement that "necrosis evidently precedes the development of the cirrhosis," made in one of our earlier publications (8 b), did not make it clear that in this connection the necrosis referred to was not of the acute massive or zonal variety but that it involved only single liver cells, cords, and even groups of cords of hepatic cells enmeshed within bands of fibrous connective tissue. The amount of necrosis of this type is usually not great and is frequently no greater in advanced cirrhosis than it is in slight cirrhosis. The necrosis and cirrhosis appear to proceed pari passu.
The presence of an acid-fast, golden brown fluorescent pigment, named "ceroid" by Lillie and his associates, has been repeatedly described (22) in the past as a distinctive feature of experimental dietary cirrhosis in rats. Its histological, physical (22 e), and tinctorial characteristics were well defined and our further studies, at ~east so far as they concern untreated cirrhosis, have not furnished any additional information.
The incidence of cirrhosis in rats fed rations containing lard is summarized in Table VI . In this group, the combined occurrence of necrosis or postnecrotic scarring with cirrhosis may sometimes obscure the picture regarding the proper appraisal of the dietary conditions instrumental in the development or prevention of diffuse hepatic fibrosis. By making the necessary allowance for acute diffuse necrosis, or postnecrotic scarring, in the respective subgroups, no major difficulty is encountered in determining the r51e of various dietary factors in the etiology of dietary hepatic injury. Cirrhosis is a regular occurrence in rats receiving a lard diet low in casein. Cystine promotes, while methionine, choline, liver extract, choline plus cystine or yeast, singly or in various coubinations, prevent dietarycirrhosis. Supplements of tocopherol have no effect on the incidence of cirrhosis, but do prevent acute diffuse hepatic necrosis. Accompanying cirrhosis, ceroid is found regularly in rats fed rations with lard as source of fat. Its quantity is often reduced and may even be lacking in rats fed rations containing lard as the source of fat but no cod liver oil (diet L V, Tables I and VI)~ Substitution of the hydrogenated vegetable fat, crisco, for the lard in the experimental cirrhosis-producing diet was without any appreciable influence on the production of experimental cirrhosis (Table v i i ) . The only major noticeable change was the reduction and almost complete disappearance of complicating necrosis or postnecrotic scarring. In rats fed ration C I (Table I) with crisco as the source of fat, and cod liver oil added to the diet, the incidence of cirrhosis and ceroid was about equal to that observed in rats kept on the corresponding lard diet (L II, Table VI ). In these rats also, cystine enhanced, and methio- Ascites was found to be a common complication of the cirrhosis• In a few instances the ascitic fluid appeared to be chytous. Several groups of rats received, in addition to their basal rations (C I and C III), supplements of fresh carrot (1 gm. daily). These particular experiments were carried out as controls to studies dealing with the production of butter yellow hepatoma in rats fed various rations, often supplemented with fresh carrots. The development of dietary cirrhosis remained uninfluenced by supplements of fresh carrot in the amount given. On the other hand, the production of ceroid was stimulated by carrot. This effect became evident in experiments, using a diet (C III) free from cod liver oil. In the absence of cod liver oil and with crisco as sole source of fat in the diet (C III and also C IV, Tahle I), ceroid practically dis- appeared as a complication of cirrhosis. Thus, supplements of fresh carrot acted in the same manner as lard in a ration free from cod liver oil (L V, Table VI) . It is of particular interest that elimination of cod liver oil from a diet containing crisco as source of fat not only deprives it of its ceroid-depositing ability but also reduces its cirrhosisproducing effect• Supplements of cystine may compensate to some extent for the absence of cod liver oil,.with an increase in the incidence of diffuse fibrosis (Table VII) .
The incidence of cirrhosis in rats fed rations containing crisco and rice (unpolished and polished) showed a significant decrease in comparison to that seen in rats fed similar rations but with sucrose as source of carbohydrate. Here, as before, the enhancing effect of cystine and the protective effect of methionine, choline, yeast, or cystine plus choline could easily be demonstrated (Table VIII) . These experiments served again primarily as controls to the study of butter yellow hePatoma.
With butter as source of fat in a cirrhosis-producing ration (Bu , Table I ), cirrhosis developed with less regularity than in rats fed a corresponding ration, with lard instead of butter. The effect of cystine, choline, or cystine plus choline remained the same as seen in rats fed any similar ration (Table VIII) .
Previously (8) no attention was paid to food intake. In studying the effect of cystine and methionine on cirrhosis, special experiments were set up in which the food intake was recorded throughout the duration of the experimental period. Two groups of rats were put on the same basal diet (C I). The first group of 12 animals received a daily supplement of cystine (50 rag.), the second group (11 animals), methionine (50 rag.). Neither in food intake nor in weight changes was any statistically significant difference observed in these two groups, regardless of the fact that cystine enhanced and methionine prevented cirrhosis, ceroid deposit, ascites, and also renal injury (Table IX) . It is of interest that in both groups of animals the food intake tended to fall from the higher figures in the first half, to lower figures in the PRODUCTION AND PREVENTION O1 e DIETARY HEPATIC INJURY second haft, of the experimental period. This slow decline in food intake during the experiment has been the rule--with few exceptions--in all our observations (see also Tables V, X, XI). There remained the further possibility that the special, enhancing effect of. cystine on the development of cirrhosis, when compared with the incidence of cirrhosis in rats fed the same ration without the supplement of cystine, might have been the result of increased food intake which, by increasing the metabolic rate, could conceivably increase the requirement for the protective labile methyl groups (23). Admittedly, in a comparison of groups of rats receiving supplements of cystine with control rats fed without such supplements, often the food intake was found to be higher in the first group. These differences, however, were by no means constant and had no relation to the increased incidence of cirrhosis in rats receiving supplements of cystine (Table X) . I , * One rat in this group died from acute symmetrical hemorrhagic cortical necrosis 1: Two rats in this group died from acute symmetrical hemorrhagic cortical necrosis. § Six rats in this group dled from acute symmetrical hemorrhagic cortical necrosis.
'eroid
KidAs-. Is § It has been asserted that the formation of ceroid, as seen in rats receiving rations with lard as source of fat, may be caused, or at least accelerated, by coexisting deficiency of tocopherol (24). It is difficult to reconcile this assumption with the fact that ceroid is commonly found in rats receiving rations containing crisco, a fat rich in tocopherol.. On the other hand, in view of the well known relationship between the metabolism of unsaturated fatty acids, including cod liver oil, and that of tocopherol, it is of interest that the production of ceroid may be completely suppressed and that the intensity as well as incidence of cirrhosis is markedly reduced by feeding rats crisco ration from which cod liver oil is omitted and replaced by a very small amount of percomorph oil (3 drops per week instead of 2 per cent of cod liver oil in the diet). In order to test the effect of very large doses of tocopherol on the production of cemid and cirrhosis we used daily supplements of 30 rag. of mixed tocopherols. Such supplements definitely reduced the amount of ceroid when compared with the amount found in rats fed the same basal ration (C I) without added tocopherol (Table X) . No definite effect on the incidence and degree of cirrhosis was discernible in either the groups receiving the crisco ration with cod liver oil (C I) or those fed a crisco ration without cod fiver oil (C IV) which, as stated previously, is less suited for the production of cirrhosis. The apparently great increase in the number of rats showing no drrhosis, when fed ration C IV, with supplements of cystine and tocopherol, was caused by the premature death of a large n u m b e r of rats (6) which died from complicating acute, symmetrical, hemorrhagic, renal cortical necrosis before cirrhosis could have developed.
Table X I illustrates the comparative ability of various rations containing lard and crisco with or without cod liver oil, to produce cirrhosis and its various accompanying manifestations. I t is apparent, even without detailed analysis of the data, that, in general, rations containing lard are superior to those containing crisco, in their capacity to produce cirrhosis, ceroid, and T A B L E X I
Comparison of Incidence of Cirrhosis in Rats Fed Rationc Containing Lard and Cris¢o
Respectively Acute hemorrhagic cortical necrosis in 1 rat of this group.
asdtes. I n contrast, in this and in other experiments (Table X) , acute, hemorrhagic, symmetrical, cortical necrosis of the kidneys is apparently more often found in rats fed rations containing crisco than in rats fed a lard diet. Finally, the experiments summarized in Table  X I indicate, at least for some of the groups kept on crisco rations, that female rats m a y be more resistant than males to dietary hepatic injury.
Renal Injury.--Although microscopic examination of the kidneys was not carried out in all the rats, yet suffident evidence has been accumulated in support of the conclusion that renal injury is found in a great majority of rats kept on cirrhosis-producing rations. The renal ch,nges observed represented acute necrotizing nephrosis or various stages of healing of this condition. Microscopically, acute necrotizing nephrosis presents a variety of manifestations. The lining epithelium of the tubules (mainly the convoluted tubules) in the cortex m a y
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be necrotic, but still present and represented by anuclear intensely eosinophilic cytoplasm, or cells, with nuclei in various stages of degeneration, that still cling to the basement membrane. The tubular lumen may contain eosinophilic coagulum or granular precipitate, or little or no precipitate may be present. Similar precipitate may be present in some of the corticomedullary tubules, but the lining epithelium of the collecting tubules is usually well preserved and the contrast between the degenerated and necrotic cortex and the well preserved medulla is very striking. In another manifestation Of the acute necrofizing lesion the cells are also anuclear, but the cytoplasm is hydropic and chromophobic and practically all that is left is a linear outline of the cells. There may or may not be eosinophilic coagulum or precipitate in variable amount in the lumen of these tubules. In some of these tubules the lumen may be dilated. In a third manifestation, the epithelial cells of many of the cortical tubules have vanished and all that is left is the basement membrane outlining the original tubules, with a few chromophobic or eosinophilic cells clinging to it. In none of these various manifestations of cortical necrosis is there striking glomerular damage. An indication that some effect on the lining of some of the glomerular capillaries does occur is the presence of eosinophilic granular precipitate and an occasional red blood corpuscle in the subcapsular space of some of the glomeruli. Some giomeruli show hyperemia of capillary loops, but, for the most part, they are bloodless or contain no more than the normal amount of blood. In an occasional glomerulus there may even be some subcapsular hemorrhage and even hemorrhagic necrosis of a glomerular tuft, but this is exceptional. In the acute, hemorrhagic, necrotizing nephrosis, in the weanling rat, the changes in the tubular epithelium are similar to those described above but, in addition, there is a considerable amount of interstitial, and especially subcapsular extravasation of blood, and more glomeruli are likely to show hemorrhagic necrosis of some capillary loops.
In the healing process of acute necrotizing nephrosis there are various definite stages. In the earliest stages there is a considerable amount of desquamation of the lining epithelium, especially of the primary convoluted tubules, with few or no signs of regeneration. Fewer tubules show eosinophilic coagulum in the lumen and the wall of the tubules begins to collapse. If regeneration of the lining epithelium of some of the tubules does occur, less debris is found in their lumina and residual necrosis of tubules is s~n only in patches. In other patches of the cortex tubules may be absent or, if regeneration of epithelium occurs, a low cuboidal type of epithelium, without brush border, clothes the tubular wall. In these epithelial cells an occasional mitotic figure and some large hyperchromatic nuclei may be present. The surface of the cortex shows irregular depressions, some shallow, some deep (triangular, in the sections), which correspond to wedge-shaped regions from which the tubules are virtuallyabsent; but the original number of giomeruli is present, crowded together, and intimately surrounded by fibrous connective tissue, the result of condensation as well as proliferation, with only slight infiltration by lymphocytes. These foci resemble similar foci of atrophy of parenchyma often seen in chronic pyelonephritis, but there are no greatly dilated tubules filled with hyaline casts, common in pyelonephritis, and the cellular infiltration of the interstitial connective tissue is much less pronounced than in the latter. The characteristic feature of this lesion is the focal contiguity of some glomeruli with the renal capsule, without intervening tubules, which are always present between glomeruli and capsule in the adult normal kidney. A special feature which may complicate the necrotizing lesion even in the earliest stages of healing is calcification. This may affect the necrotic lining epithelium of the tubules, or the content of the tubules, and may also be present in small patches in the interstitial tissue. The latter may represent necrotic tubules, the structure of which is not recognizable. There is no direct correspondence between the amount of calcification and the state of healing. In some kidneys the calcification is most pronounced when there are still few, if any, other signs of healing and the picture is otherwise that of acute necrotizing nephrosis. On the contraryj the healing may be complete, with no remnant of the acute necrosis of the tubules, yet there may be no calcification whatsoever. All these various microscopic manifestations have been referred to in previous publications as subacute neerotizing nephrosis, but it is better to speak of these as various stages of healing of acute necrotizing nephrosis, because in these kidneys the necrotizing lesion is not progressive and the process is really a healing one.
The data collected do not lend themselves to a detailed analysis of the dietary factors primarily responsible for the production of renal injury. In general, there appears to be a parallelism between hepatic and renal injury. However, renal injury may be found in rats showing no signs of pathologic change in the liver and in many rats with severe cirrhosis there was no pathologic change in the kidneys. Furthermore, as stated above, crisco diet seems to some extent to promote renal injury, unassociated with hepatic changes.
DISCUSSION
The opinion is widely held that acute massive and zonal necrosis and diffuse fibrosis are two distinct forms of hepatic injury (ll, 12) . According to this concept, acute massive and zonal necrosis is the result of a dietary deficiency, characterized specifically by lack of the sulfur-containing amino acids, cystine, or its precursor, methionine. In contrast, diffuse fibrosis is considered to be the final outcome of mechanical obstruction of normal blood supply following chronic fat infiltration (9 b, c, 12 d), which in itself is caused by lack of lipotropic substances; i.e., choline, and its precursors, including methionine.
Our study of the last 9 years yielded results which in several important points seemed to be at variance with the above concept. It has been shown by our experimental findings, as well as by other recent observations (15) , that deficiency of cystine or methionine alone is not a sufficient condition for the development of acute massive and zonal necrosis. From these studies tocopherol emerged as an additional protective dietetic factor in the etiology of hepatic necrosis. With regard to the development of acute diffuse hepatic necrosis, tocopherol may compensate for the absence of cystine and/or methionine, and vice versa.
As a further factor the quality of dietary fat should be taken into consideration. It appears from our findings that cod liver oil, and, to some extent also, lard, with their high content of unsaturated fatty acids, will enhance the development of acute massive and zonal necrosis, probably by promoting the destruction of tocopherol within the body. In this connection the high incidence of acute diffuse hepatic necrosis in pigs (25) kept on rations high in cod liver oil deserves to be mentioned. On the other hand, on rations with butter as source of fat, which is practically devoid of tocopherol, but at the same time also low in unsaturated fatty acids, acute necrosis was less commonly found by us than is seen in rats fed the same basal ration with lard instead of butter. In several other laboratories (26) attempts to produce acute diffuse hepatic necrosis were unsuccessful, probably mainly on account of differences in the composition of the respective basal rations, with special reference to their fat constituents.
The peculiar interrelation between cystine (methionine) and tocopherol in the prevention of acute massive and zonal hepatic necrosis requires further elucidation. The interchangeability of sulfur-containing amino acids (cystine, methionine) and vitamin E as leading etiological factors makes it difficult to accept pure deficiency as the basis of acute diffuse hepatic necrosis. Furthermore, it has been amply proven that cystine when given in excessive doses (27), and often even not too greatly (28) in excess of the physiological norm, will not only not prevent, but in fact will promote the production of massive hepatic necrosis. Vitamin E incorporated in the diet in an amount which in itself should prevent the usual specific manifestations of vitamin E deficiency may not suffice to prevent the development of acute zonal or massive necrosis (15) . This is achieved apparently only with much higher doses. Methionine and cystine are known as detoxffying agents in counteracting the noxious effect of hepatotoxic substances and related poisons (3, 4) . Recently similar observations were reported with regard to the effect of vitamin E in the particular case of carbon tetrachloride poisoning (29). In rats kept on the usual low casein, high fat diet supplemented with the carcinogenic dye, N1-N-dimethylaminoazobenzene (butter yellow), acute diffuse necrosis reached a much higher incidence than in control groups fed the same diet without butter yellow. Nevertheless, in both groups, supplements of cystine or tocopherol prevented the development of necrosis equally well. This may indicate that cystine and tocopherol neutralized first the effect of the exogenous poison, butter yellow, and simultaneously also that of some unrecognized endogenous metabolic poison. Acute diffuse necrosis caused by large doses of cystine should also be considered as a toxic manifestation, perhaps initiated by the disturbed normal ratio of cystine to choline (10) in the diet and in the body. In this connection one should recall the enhancing effect of choline (also liver extract) on the production of hepatic necrosis in rats fed a ration low in cystine and methionine.
The phenomenon of hepatic necrosis provides an impressive illustration of the difficulty encountered in distinguishing between mechanisms based primarily on deficiency or intoxication. These mechanisms may be thoroughly interwoven, and do not permit a distinct separation of the causative factors. Thus, the attempt (22) to establish the existence of trophopathic as essentially different from toxipathic necrosis cannot be viewed as successful.
In contradistinction to zonal or massive hepatic necrosis, dietary cirrhosis may be produced in rats with great regularity. The determining r61e of lipotropic factors in the prevention of diffuse hepatic fibrosis received further confirmation from the present observations. Choline, methionine, and methionine-containing protein (such as casein) will prevent, while cystine will enhance the production of hepatic cirrhosis.
Among the fats, lard seems to promote the development of cirrhosis, at least compared with the effect of vegetable shortenings (crisco). Cod liver oil is especially injurious. The obvious attempt to seek a direct correlation between this noxious effect of lard and cod fiver oil and their low content of tocopherol is refuted by the observation that supplements of tocopherol, even in very large doses, leave the development of diffuse fibrosis unaltered in rats receiving lard and cod liver oil in their experimental rations. On the other hand, no link is visible between the specific cirrhosis-producing effect of fats like lard and cod liver oiland the lipotropic (choline, and its precursors) or the antilipotropic (cystine) factors.
In confirming a previously expressed assumption (10),,based on circumstantial evidence, as well as on more recent experimental observations (30), we were able to show that the pigment ceroid is not an essential and important feature of experimental dietary cirrhosis. Cirrhosis without ceroid may be produced, provided that in the first place cod liver oil, and, to a lesser degree, also other sources of unsaturated fatty acids (in large concentration) are eliminated from the experimental diet. It has been stated (31) that the pigment occurring in various tissues of vitamin E--deficient rats is identical with ceroid. It is difficult to reconcile this claim with our observations that tocopherol, even when given in excessively large doses (30 mg. daily), will not prevent the formttion of ceroid, and will reduce only slightly the total quantity found in the cirrhotic liver of experimental animals.
The view is generally held that Laennec's cirrhosis in man is based mainly on portal fibrosis and the destruction of the normal architecture of the liver in this condition must start by fibrous proliferation from the portal space. Careful analysis of the histological picture observed in various stages of progression led us to the conclusion that, in experimental dietary cirrhosis of the liver in rats, the fibrotic changes seem to begin not in the portal spaces but have their origin, as first recognized by Ashburn and his associates (21) , close to the central veins, with a distribution of the connective tissue around these veins which is different from that of so called central cardiac cirrhosis. 5 There is definite accumulation of fibrous tissue around the central veins, but bands of connective tissue radiate from the region of these veins to join the fibrous tissue around other central veins and even the portal connective tissue. It is correct to say that, at the start, the site of the fibrous bands in experimental dietary cirrhosis is non-portal, but in later stages it may be both portal and non-portal in distribution.
The non-portal distribution of fibrosis in experimental dietary cirrhosis has an important bearing on its pathogenesis. This situation of the fibrosis 5 A special form of cirrhosis with non-portal origin of the fibrotic changes has recently been observed by Chaikoff and his associates (32 a) in dogs after combined hypophysectomy and thyroidectomy. The non-portal origin of the diffuse fibrosis seen in ordinary dietary cirrhosis in rats has been recently described also by Glynn, Himsworth, and Lindan (32 b). could be interpreted as the direct result of chronic fat infiltration, with mechanical obstruction of the intralobular sinusoids (9 b, 12 d) and resulting anoxia which should affect primarily the non-portal, and especially the central, parts of the lobtiles. The fact, however, that fat infiltration of maximum intensity may exist in the liver for a long period of time, without concomitant appearance of fibrosis (33) , and the development of pronounced cirrhosis, with little or no fat infiltration, speak against a causal relation between fat infiltration and cirrhosis of the liver. Also, fat infiltration of the liver in rats fed a diet devoid of, or low in, lipotropic factors reaches its maximum in 14 to 21 days, while signs of fibrosis and of accompanying functional disturbance may not become manifest before 70 to 100 days have elapsed. It should also be recalled that the necrotic cells found by us, singly, or in small groups, in and around the fibrous bands in cirrhotic livers in rats, clearly indicate the presence of parenchymatous injury. The question whether this cellular necrosis, by no means a rare occurrence, precedes, accompanies, or follows the fibrotic changes cannot be definitely answered at the present time. The possibility that the necrosis is caused by ensnarement of single hepatic cells or groups of cells by connective tissue is not supported by the finding of many well preserved, normal, single cells or groups of cells similarly surrounded by dense fibrous tissue. It appears probable that this mild form of cellular necrosis represents primary cellular injury which often may remain below the threshold of histologically perceptible changes, but in either case will suffice to stimulate fibroblastic reaction, when at the same time the regenerative power of the liver exposed to continuous or persistent dietary injury must be finally impaired.
Renal changes in the form of necrotizing nephrosis (acute, healing, or healed) are often seen accompanying diffuse hepatic fibrosis. They seem to be equivalent to the well known picture of "hemorrhagic kidney" (34) in young weanling rats kept on a diet free i'rom choline and its precursors.
In older rats, fulminating, hemorrhagic, symmetrical cortical necrosis of the kidney is a rare occurrence. It is of interest that in our experimental material hemorrhagic cortical necrosis of the kidneys was more often encountered in older rats fed a cirrhosis-producing diet, with crlsco as source of fat, than in rats of a similar age group kept on the same basal diet with lard instead of crisco. This result was unexpected in view of the fact that a diet with crisco has been found in general to be less effective in producing cirrhosis than the same experimental ration with lard as the source of fat. Thus, hepatic and renal changes do not necessarily follow an identical course with regard to their relation to the underlying dietary conditions.
SUMMARY
The present report on experimental hepatic injury is based on observations amassed during the last 9 years, comprising 1922 rats.
It has been shown that there are several dietary factors which may intervene, singly or in combination, in the development of massive or zonal hepatic necrosis. Deficiency of sulfur-containing amino acids is only one of them. From the present studies, tocopherol emerges as an additional protective dietary factor. With regard to the development of massive hepatic necrosis tocopherol may compensate for the absence of sulfur-containing amino acids (cystine, methionine) and vice versa. As a further factor, the quality of dietary fat should be taken into consideration. Fats, like lard and cod aver oil, with a high content of unsaturated fatty acids enhance, whereas fats low in unsaturated fatty acids, such as crisco and butter, retard or prevent the development of massive hepatic necrosis.
It is questionable whether with all these dietary factors the etiology of massive hepatic necrosis is completely defined.
The interchangeability of sulfur-containing amino acids (cystine, methionine) and vitamin E as leading etiologic factors makes it difficult to accept pure deficiency as the basis of massive hepatic necrosis. The r61e of possible endogenous hepatotoxic substances and their neutralization by cysfine (methionine) or tocopherol are discussed.
Diffuse hepatic fibrosis is a regular occurrence in rats kept for 100 to 150 days on a diet low in lipotropic factors. Cystine, and, among the fats, lard and especially cod liver oil, have an enhancing effect on the production of hepatic cirrhosis. In rats fed rations free from cod liver oil, and with vegetable shortening such as crisco as source of fat, the incidence and severity of cirrhosis are reduced.
Ceroid deposit accompanies cirrhosis only in rats which have been kept on a cirrhosis-producing diet containing fats with a high content of unsaturated fatty acids (cod liver oil, lard). Tocopherol, even when given in excessively large doses (30 mg. daily) will not prevent the formation of ceroid, and will reduce only slightly its total quantity. Under the same treatment the incidence and intensity of cirrhosis remain uninfluenced.
Cellular injury in the form of degonerated or necrotic hepatic parenchymat cells, found singly or in small groups in and around the fibrous bands in the cirrhotic liver of rats, is a common occurrence. The fibrotic changes seem to begin, not in the portal spaces, but close to the central vein, although they are not as distinctly and exclusively pericentral as, for instance, in cardiac cirrhosis. Thus, experimental dietary cirrhosis is non-portal.
The role of fat infiltration is discussed with special reference to the other microscopic changes found in hepatic cirrhosis.
Acute necrotizing nephrosis or various stages of healing of this process are often found with great frequency in rats kept on a cirrhosis-producing diet.
We are greatly indebted to Mrs. C. K. Gilkey for technical assistance.
